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46aINFN Sezione di Milano, I-20133 Milano, Italy
46bDipartimento di Fisica, Università di Milano, I-20133 Milano, Italy
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56bDipartimento di Fisica, Università di Perugia, I-06100 Perugia, Italy
57aINFN Sezione di Pisa, I-56127 Pisa, Italy
57bDipartimento di Fisica, Università di Pisa, I-56127 Pisa, Italy
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73aINFN Sezione di Trieste, I-34127 Trieste, Italy
73bDipartimento di Fisica, Università di Trieste, I-34127 Trieste, Italy
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We study the process eþe ! J=cþ with initial-state-radiation events produced at the PEP-II
asymmetric-energy collider. The data were recorded with the BABAR detector at center-of-mass energies
10.58 and 10.54 GeV, and correspond to an integrated luminosity of 454 fb1. We investigate the
J=cþ mass distribution in the region from 3.5 to 5:5 GeV=c2. Below 3:7 GeV=c2 the c ð2SÞ signal
dominates, and above 4 GeV=c2 there is a significant peak due to the Yð4260Þ. A fit to the data in the range
3:74–5:50 GeV=c2 yields a mass value 4245 5ðstatÞ  4ðsystÞ MeV=c2 and a width value
114þ1615ðstatÞ  7ðsystÞ MeV for this state. We do not confirm the report from the Belle Collaboration
of a broad structure at 4:01 GeV=c2. In addition, we investigate the þ system which results from
Yð4260Þ decay.
DOI: 10.1103/PhysRevD.86.051102 PACS numbers: 13.20.Gd, 13.25.Gv, 13.66.Bc, 14.40.Pq
The observation of the Xð3872Þ [1], followed by the
discovery of other states such as the c2ð2PÞð3930Þ [2],
the Yð3940Þ [3], and the Xð3940Þ [4], has reopened interest
in charmonium spectroscopy. These resonances cannot be
fully explained by a simple charmonium model [5]. The
Yð4260Þ was discovered [6] in the initial-state-radiation
(ISR) process eþe ! ISRYð4260Þ, Yð4260Þ !
J=cþ. Since it is produced directly in eþe annihi-
lation, it has JPC ¼ 1. The observation of the decay
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mode J=c00 [7] established that it has zero isospin.
However it is not observed to decay to D D [8], nor to
Ds Ds [9], so that its properties do not lend themselves to a
simple charmonium interpretation, and its nature is still
unclear. Other interpretations, such as a four-quark state
[10,11], a baryonium state [12], or a hybrid state [13], have
been proposed. However if the Yð4260Þ is a four-quark
state it is expected to decay to Dþs Ds [11], but this has not
been observed [9].
An analysis of the reaction eþe ! J=cþ [14]
which confirms the Yð4260Þ, suggests the existence of a
broad state with mass m ¼ 4008 40þ11428 MeV=c2 and
width  ¼ 226 44 87 MeV. Two additional JPC ¼
1 states, the Yð4360Þ and the Yð4660Þ, have been re-
ported in ISR production, but only in the reaction eþe !
c ð2SÞþ [15,16].
In this paper we present an ISR study of the reaction
eþe ! J=cþ in the center-of-mass (c.m.) energy
(Ecm) range 3.5–5.5 GeV. In the J=cþ mass region
below 3:7 GeV=c2 the signal due to the decay c ð2SÞ !
J=cþ dominates. A detailed comparison to c ð2SÞ
Monte Carlo (MC) simulation yields values of the cross
section and partial width to eþe. The high-mass tail of
the c ð2SÞ MC distribution describes the data up to
4 GeV=c2 quite well, and so we perform a maximum
likelihood fit over the 3:74–5:50 GeV=c2 mass region in
which the fit function consists of the incoherent superpo-
sition of a nonresonant, decreasing exponential function
describing the J=cþ mass region above 3:74 GeV=c2
and a Breit-Wigner (BW) function describing production
and decay of the Yð4260Þ. Non-J=c background is treated
by means of a simultaneous fit to the mass distribution
from the J=c sideband regions.
This analysis uses a data sample corresponding to an
integrated luminosity of 454 fb1, recorded by the BABAR
detector at the SLAC PEP-II asymmetric-energy eþe
collider operating at c.m. energies 10.58 and 10.54 GeV.
The detector is described in detail elsewhere [17].
Charged-particle momenta are measured with a tracking
system consisting of a five-layer, double-sided silicon ver-
tex tracker (SVT), and a 40-layer drift chamber (DCH),
both of which are coaxial with the 1.5-T magnetic field of a
superconducting solenoid. An internally reflecting ring-
imaging Cherenkov detector, and specific ionization
measurements from the SVT and DCH, provide charged-
particle identification (PID). A CsI(Tl) electromagnetic
calorimeter (EMC) is used to detect and identify photons
and electrons, and muons are identified using information
from the instrumented flux-return system.
We reconstruct events corresponding to the reaction
eþe ! ISRJ=cþ, where ISR represents a photon
that is radiated from the initial state e, thus lowering
the c.m. energy of the eþe collision which produces the
J=cþ system. We do not require observation of the
ISR photon, since it is detectable in the EMC for only
15% of the events. This is because the ISR photon is
produced predominantly in a direction close to the eþe
collision axis, and as such is most frequently outside the
fiducial region of the EMC.
We select events containing exactly four charged-
particle tracks, and reconstruct J=c candidates via their
decay to eþe orþ. For each mode, at least one of the
leptons must be identified on the basis of PID information.
When possible, electron candidates are combined with
associated photons in order to recover bremsstrahlung
energy loss, and so improve the J=c momentum measure-
ment. An eþe (þ) pair with invariant mass within
ð75;þ55Þ MeV=c2ðð55;þ55Þ MeV=c2Þ of the nomi-
nal J=c mass [18] is accepted as a J=c candidate. We
refer to the combination of these eþe and þ mass
intervals as ‘‘the J=c signal region’’. Each J=c candidate
is subjected to a geometric fit in which the decay vertex is
constrained to the eþe interaction region. The 2 proba-
bility of this fit must be greater than 0.001. An accepted
J=c candidate is kinematically constrained to the nominal
J=c mass [18] and combined with a candidate þ pair
in a geometric fit which must yield a vertex-2 probability
greater than 0.001. At least one pion must be well-
identified by using PID information, and neither can satisfy
our electron identification criteria.
The value of the missing-mass-squared recoiling against
the J=cþ system must be in the range
ð0:50;þ0:75Þ ðGeV=c2Þ2 in order to be consistent with
the recoil of an ISR photon. We require also that the
transverse component of the missing momentum be less
than 2:25 GeV=c. If the ISR photon is detected in the
EMC, its momentum vector is added to that of the
J=cþ system in calculating the missing momentum.
The candidate þ system has a small residual contami-
nation due to eþe pairs from photon conversions. We
compute the pair mass meþe with the electron mass as-
signed to each candidate pion, and remove events with
meþe < 50 MeV=c
2. We estimate the remaining back-
ground by using events that have an eþeðþÞ mass
in the J=c sideband (2.896, 2.971) or (3.201, 3.256)
((2.936, 2.991) or (3.201, 3.256)) GeV=c2after satisfying
the other signal region selection criteria.
The J=cþ invariant-mass distribution in the region
below 4 GeV=c2 is dominated by the c ð2SÞ signal. The
peak region, after subtraction of background from the J=c
sideband regions, is shown in Fig. 1(a) (solid dots). The
open dots indicate the c ð2SÞ MC distribution, modified as
described below. The data distribution above
3:75 GeV=c2 [Fig. 1(b)] may be due to the c ð2SÞ tail
and a possible J=cþ continuum (i.e. nonresonant)
contribution. In order to investigate this we performed a
detailed comparison of the c ð2SÞ signal in data and in MC
simulation. For the latter, we used the MC generator
VECTORISR [19] and a simulation of the BABAR detector
based on Geant4 [20]. The resulting MC events were
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subjected to the reconstruction procedures which were
applied to the data.
We first measured the peak mass position for both dis-
tributions. We performed a 2-fit of a parabola to the data
and MC distributions in intervals of 0:5 MeV=c2 for the
regionwithin5 MeV=c2 of the nominal c ð2SÞmass [18].
For the data, this gave a peak mass value of 3685:32
0:02ðstatÞ MeV=c2, which is 0:77 0:04 MeV=c2 less
than the nominal value [18]. For the MC events, the result
was 3685:43 0:01ðstatÞ MeV=c2, which is 0:66
0:01 MeV=c2 smaller than the input value [18]. These
deviations are attributed to final-state-radiation effects.
The larger deviation obtained for data may result from
underestimated energy-loss corrections, and/or magnetic
field uncertainty [21,22]. Each MC event was then dis-
placed by 0:11 MeV=c2 toward lower mass, and the para-
bolic fit to the new MC distribution was repeated. The MC
distributionwas normalized to the data by using the data-to-
MC ratio of the maxima of the fitted functions. In order to
improve the MC-data resolution agreement, a 2 function
incorporating the data-MC histogram differences and
their uncertainties was created for the region within
10 MeV=c2 of the peak mass value. In the minimization
procedure each MC event was represented in mass by a
superposition of two Gaussian functions with a common
center, but different fractional contributions, and normal-
ized to one event. The root-mean-squared (r.m.s.)
deviations of the Gaussian functions, and the fractional
contribution of the narrower Gaussian function to the nor-
malized distribution, were allowed to vary in the fit, and the
contribution of each smeared MC event to each histogram
interval was accumulated. This procedure yielded a new
MC histogram to be used in the fit to the data histogram.We
iterated the above procedure until the change in 2 was less
than 0.1, at which point the narrow (broad) Gaussian r.m.s.
deviation was 0:7ð6:3Þ MeV=c2, and the fractional contri-
bution was 0.88 (0.12).
In Fig. 1(a) the final MC distribution is compared to the
data in the fit region, and the agreement is good
(2=NDF ¼ 30:7=35, probability ¼ 67:6%; NDF is the
number of degrees of freedom). We integrate this MC
distribution over the entire lineshape in order to estimate
the c ð2SÞ signal yield in data, and obtain 20893
145ðstatÞ events. We use the efficiency and the distributed
luminosity (obtained from the nominal integrated luminos-
ity and the second-order radiator function from Ref. [23])
to obtain the cross section value 14:05 0:26ðstatÞ pb for
radiative return to the c ð2SÞ. This is in agreement with a
previous measurement [14]. In addition we extract
ðc ð2SÞ ! eþeÞ ¼ 2:31 0:05ðstatÞ keV, in excellent
agreement with Ref. [18].
In Fig. 1(b) we compare the modified c ð2SÞ MC distri-
bution to the data in the region below 4:0 GeV=c2. TheMC
low-mass tail is systematically below the data distribution,
but the high-mass tail provides a good description of the
observed events. However, we note that the extrapolation to
this region requires the use of the c ð2SÞ Breit-Wigner
lineshape at mass values which are as much as 1000 full-
widths beyond the central mass. The existence of many
other measured final state contributions to the JPC ¼ 1
amplitude in this mass region must call this procedure into
question. Although ourmodel adequately describes the data
between the c ð2SÞ peak and 4:0 GeV=c2, we cannot
discount the possibility of a contribution from an eþe !
J=cþ continuum cross section in this region. In this
regard, the failure of the MC lineshape to describe the data
in the region of the low-mass tail might be due to the
threshold rise of just such a continuum cross section.
The J=cþ mass distribution corresponding to the
J=c signal region is shown from 3.74 to 5:5 GeV=c2 in
Fig. 2(a). The shaded histogram, which has been obtained
by linear interpolation from the J=c sideband regions,
represents the estimated background contribution to the
J=c signal region. The signal distribution shows an excess
of events over background above 3:74 GeV=c2 which
might result from the c ð2SÞ tail and a possible
J=cþ continuum contribution, as discussed with
respect to Fig. 1(b). At higher mass we observe clear
)2)(GeV/c-π+πψm(J/










































FIG. 1 (color online). (a) The background-subtracted data, and
MC simulation modified as described in the text, for the c ð2SÞ
peak region. (b) The corresponding distribution for the mass
region below 4:0 GeV=c2.
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production of the Yð4260Þ, and beyond 4:8 GeV=c2 the
data are consistent with background only. There is a small
excess of events near 4:5 GeV=c2, which we choose to
attribute to statistical fluctuation. In this regard, we note
that no corresponding excess is observed in Ref. [14]. The
background contribution is featureless throughout the mass
region being considered.
In order to extract the parameter values of the Yð4260Þ,
we perform an unbinned, extended-maximum-likelihood
fit in the region 3:74–5:5 GeV=c2 to the J=cþ dis-
tribution from the J=c signal region, and simultaneously
to the background distribution from the J=c sidebands.
The background is fitted using a third-order polynomial in
J=cþ mass, m. The mass-dependence of the signal
function is given by fðmÞ ¼ ðmÞ LðmÞ  ðmÞ, where
ðmÞ is the mass-dependent signal-selection efficiency
from MC simulation with a J=cþ phase space distri-
bution, and LðmÞ is the mass-distributed luminosity [23],
where we ignore the small corrections due to initial-state
emission of additional soft photons; ðmÞ increases from
9.5% at 3:74 GeV=c2 to 15.5% at 5:5 GeV=c2, and LðmÞ
from 35 pb1=20 MeV to 61:3 pb1=20 MeV over the
same range. The cross section, ðmÞ, is given by the
incoherent sum ðmÞ ¼ NYðmÞ þ BWðmÞ, where we
choose NYðmÞ to be a simple exponential function. This
provides an adequate description of the low-statistics
non-Yð4260Þ (NY) contributions, and approaches zero
from above at mass 4:8 GeV=c2 (see Fig. 2). The func-
tionBWðmÞ represents the cross section for the production









where mY and Y are the mass and width of the Yð4260Þ,
eþe is the partial width for Yð4260Þ ! eþe,
BðJ=cþÞ is the branching fraction for Yð4260Þ !
J=cþ, and C ¼ 0:3894 109 GeV2 pb. The func-
tion PSðmÞ represents the mass dependence of J=cþ
phase space, and PSðmYÞ is its value at the mass of the
Yð4260Þ. In the likelihood function, BWðmÞ is multiplied
by BðJ=c ! lþlÞ, the branching fraction sum of the
eþe and þ decay modes [18], since the fit is to the
observed events. In the fit procedure fðmÞ is convolvedwith
a Gaussian resolution function obtained from MC simula-
tion. This function has a r.m.s. deviation which increases
linearly from 2:1 MeV=c2 at3:5 GeV=c2 to 5 MeV=c2 at
4:3 GeV=c2. The results of the fit are shown in Fig. 2(a).
The parameter values obtained for the Yð4260Þ are mY ¼
4245 5ðstatÞ MeV=c2, Y ¼ 114þ1615ðstatÞ MeV, and
eþe BðJ=cþÞ ¼ 9:2 0:8ðstatÞ eV.
For each J=cþ mass interval, i, we calculate the





i Li BðJ=c ! lþlÞ ; (2)
with nobsi and n
bkg
i the number of observed and background
events, respectively, for this interval; i, and Li are the
values of ðmÞ and LðmÞ [23] at the center of interval i.
The resulting cross section is shown in Fig. 2(b), where
the solid curve is obtained from the simultaneous like-
lihood fit. The corresponding estimates of systematic
uncertainty are due to luminosity (1%), tracking (5.1%),
BðJ=c ! lþlÞ (0.7%), efficiency (1%) and PID (1%);
combined in quadrature. These yield a net systematic
uncertainty of 5.4%, as indicated in Table I.
The reaction eþe ! J=cþ has been studied at
the c.m. energy of the c ð3770Þ by the CLEO [24] and BES
[25] collaborations. The former reported the value 12:1
2:2 pb for the eþe ! c ð3770Þ ! J=cþ cross sec-
tion, after subtraction of the contribution resulting from
radiative return to the c ð2SÞ. The dependence on Ecm of
our fitted cross section, shown by the curve in Fig. 2(b),
)2)(GeV/c-π+πψm(J/

























































FIG. 2 (color online). (a) The J=cþ mass spectrum from
3:74 GeV=c2 to 5:5 GeV=c2; the points represent the data and
the shaded histogram is the background from the J=c sidebands;
the solid curve represents the fit result, and the dashed curve
results from the simultaneous fit to the background; (b) the
measured eþe ! J=cþ cross section as a function of
c.m. energy; the solid curve results from the fit shown in (a).
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yields the value 31 5ðstatÞ  2ðsystÞ pb at the c ð3770Þ
with no subtraction of a c ð2SÞ contribution. This is com-
patible with the much more precise CLEO result obtained
after subtraction. No cross section value is reported in
Ref. [25], but the results of the BES analysis agree within
their significantly larger uncertainties with those from
CLEO.
The systematic uncertainties on the measured values of
the Yð4260Þ parameters include contributions from the
fitting procedure (evaluated by changing the fit range and
the background parametrization), the uncertainty in the
mass scale resulting from the uncertainties associated
with the magnetic field and with our energy-loss correction
procedures, the mass-resolution function, and the change
in efficiency when the dipion distribution is simulated
using the solid histogram in Fig. 3(c), which is described
below. In Eq. (1) it is assumed that Yð4260Þ decay to a J=c
and a scalar dipion occurs in an S-wave orbital angular
momentum state. However, a D-wave decay between the
J=c and the þ system can occur also, and for this
hypothesis the fitted central values of mass, width, and
eþe BðJ=cþÞ become 4237 MeV=c2, 100 MeV,
and 8.5 eV, respectively. We assign half the change in
central value of each quantity as a conservative estimate
of systematic uncertainty associated with the decay angular
momentum. Uncertainties associated with luminosity,
tracking, BðJ=c ! lþlÞ, efficiency and PID affect only
eþe B, and their net contribution is 5.4%, as we dis-
cussed previously. Our estimates of systematic uncertainty
are summarized in Table I, and are combined in quadrature
to obtain the values which we quote for the Yð4260Þ. We
also increase the fitted mass value of the Yð4260Þ to
4245 MeV=c2 to reflect the mass shift which we observe
for the c ð2SÞ.
We now consider the þ system from Yð4260Þ decay
to J=cþ. Since the Yð4260Þ has IðJPCÞ ¼ 0ð1Þ and
its width indicates strong decay, the þ system has
IðJPCÞ ¼ 0ð0þþÞ or IðJPCÞ ¼ 0ð2þþÞ. For the region
4:15  mðJ=cþÞ  4:45 GeV=c2, the þ mass
distribution after subtraction of that from the J=c sideband
regions is shown in Fig. 3(a). The region below
0:32 GeV=c2 is excluded since it is severely depopulated
by the procedure used to remove eþe pair contamination.
The distribution decreases from threshold to near zero at
0:6 GeV=c2, rises steadily to a maximum at
0:95 GeV=c2, decreases rapidly to near zero again at
1 GeV=c2, and increases thereafter. The distribution is
consistent with previous measurements [6,14].
We define  as the angle between the 
þ direction and
that of the recoil J=c , both in the dipion rest frame. The
distribution in cos is shown in Fig. 3(b). The fitted line
represents S-wave decay, and provides an adequate
)2)(GeV/c-π+πm(



























































FIG. 3 (color online). (a) The background-subtracted þ
mass distribution for the Yð4260Þ signal region; the dashed
vertical line is at the nominal f0ð980Þ mass value [18]; (b) the
corresponding cos distribution; the fitted line is for an S-wave
description; (c) the result of the fit using the model of Eq. (3).
TABLE I. Systematic uncertainty estimates for the Yð4260Þ
parameter values.






Mass Scale    0:6   
Mass resolution       1:5
MC dipion model 3:6      
Decay angular momentum 3:6 3:5 7
Luminosity, etc. (see text) 5:4      
STUDY OF THE REACTION . . . PHYSICAL REVIEW D 86, 051102(R) (2012)
RAPID COMMUNICATIONS
051102-7
description of the data (2=NDF ¼ 12:3=9, probability ¼
19:7%); there is no need for a D-wave contribution, e.g.,
from f2ð1270Þ ! þ decay.
The mass distribution near 1 GeV=c2 suggests coherent
addition of a nonresonant þ amplitude and a resonant
amplitude describing the f0ð980Þ. If the peak near
950 MeV=c2 is attributed to a nonresonant amplitude
with phase near 90, the coherent addition of the resonant
f0ð980Þ amplitude, in the context of elastic unitarity, could
result in the observed behavior, which is similar to that of
the I ¼ 0þ elastic scattering cross section near 1 GeV
(Fig. 2, p. VII.38, of Ref. [26]). However, we have no phase
information with which to support this conjecture.
The distribution in Fig. 3(a) for m < 0:9 GeV=c
2 is
qualitatively similar to that observed for the decayð3SÞ !
ð1SÞþ [27]. There, the dipion mass distribution de-
creases from a maximum near threshold to a significantly
nonzero minimum at 0:6–0:7 GeV=c2, before rising
steeply toward 0:8 GeV=c2 before being cut off by the
kinematic limit (0:895 GeV=c2). The CLEO data are
well-described in terms of a QCD multipole expansion
[28,29] up to m  0:7 GeV=c2, but the sharp rise there-
after is not well-accommodated. This shortcoming is more
readily apparent for themuch largerBABAR data sample for
this same process [30]. There the distribution begins a rapid
rise toward the f0ð980Þ region, as in Fig. 3(a), but turns over
at 0:85 because of the kinematic limit at 0:895 GeV=c2.
The CLEOmultipole expansion fit involves two amplitudes
whose relative phase ( 155) causes destructive interfer-
ence, and hence the minimum in the mass distribution at
0:6–0:7 GeV=c2. The amplitudes are of similar magni-
tude in this region, and so a relative phase of 180 could
yield near-zero intensity, as observed in Fig. 3(a). This
phase value would result in an approximately real ampli-
tude. However it would contain no explicit f0ð980Þ contri-
bution,which seems necessary to a description of the data of
Fig. 3(a), and so we attempt to describe the entire distribu-
tion using the following simple model.
The nonresonant intensity distribution requires three
turning points, as in the CLEO multipole expansion de-
scription, and so we choose to represent it by a fourth-order
polynomial, TðmÞ, where m is the invariant mass of
the þ system. From the phase requirement discussed
above, it follows that the corresponding amplitude can be
chosen to be real and represented by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tðm
p Þ. To this
amplitude we add the complex S-wave þ amplitude
obtained from the BABAR analysis of Dþs ! þþ
decay [31], which shows clear resonant behavior at the
















2p  q; (3)
where Ff0ð980Þ is proportional to the complex 
þ ampli-
tude of Ref. [31], and the phase	 is determined by the fit; p
is the þ momentum in the þ rest frame, and q is the
J=c momentum in the J=cþ rest frame. We use the
fitted Yð4260Þ mass value in calculating q, which implies a
kinematic limit of 1:15 GeV=c2 for the fit function. The
result is shown in Fig. 3(c). The fit is good (2=NDF ¼
33:6=35, probability ¼ 53:6%), and the interference contri-
bution is important for the description of the region near
1 GeV=c2 (	 ¼ 28  24). The f0ð980Þ amplitude
squared gives 0:17 0:13 (stat) for the branching ratio
BðJ=c f0ð980Þ; f0ð980Þ ! þÞ=BðJ=cþÞ. This
is somewhat smaller than the prediction of Ref. [32], where
it is proposed that the f0ð980Þ contribution should be
dominant.
In summary, we have used ISR events to study the process
eþe!J=cþ in the c.m. energy range 3.74–5.50GeV.
For the Yð4260Þ we obtain mY ¼ 4245 5ðstatÞ 
4ðsystÞ MeV=c2, Y ¼ 114þ1615ðstatÞ  7ðsystÞ MeV, and
eþe BðJ=cþÞ ¼ 9:2 0:8ðstatÞ  0:7ðsystÞ eV.
These results represent an improvement in statistical preci-
sion of 30% over the previous BABAR results [6], and
agree very well in magnitude and statistical precision with
the results of the Belle fit which uses a single Breit-Wigner
resonance to describe the data [14]. We do not confirm the
broad enhancement at 4:01 GeV=c2 reported in Ref. [14].
The dipion system for the Yð4260Þ decay is in a predomi-
nantly S-wave state. The mass distribution exhibits an
f0ð980Þ signal, forwhich a simplemodel indicates a branch-
ing ratio with respect to J=c 2þ of 0:17 0:13 (stat).
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